National and international governments are in the process of establishing testing programs and strategies to assess the safety of currently used chemicals with regard to their potential to interact with the endocrine system of man and wildlife, resulting in potential impacts on reproduction, growth, and/or development. Specifically, the USA, Japan, EU, and OECD have established testing approaches and regulatory frameworks with aim to assess the risks associated with chemicals that have endocrine disrupting properties (EDCs). While there has been a large amount of efforts over the past two decades in context with the assessment of chemical safety, no comparable attempts to harmonize and mutually accept testing strategies and decision-making criteria for environmental monitoring and assessment exist to date for EDCs. In fact, many of the current environmental programs such as the European Water Framework Directive (WFD) or the US Clean Water Act do not explicitly test for EDCs, and considering the unique requirements and endpoints required to assess the endocrine potential of a sample, these programs are unlikely to appropriately address exposure to these chemicals. This is of great concern since EDCs are ubiquitous in the environment, especially in aquatic ecosystems. One of most important sources for EDCs in the environment is the effluent from sewage treatment plants. Many EDCs such as the natural and synthetic estrogens 17β-estradiol and 17α-ethinylestradiol, respectively, are not completely removed with conventional wastewater treatment systems. In recognition of these concerns, in Europe, there is increasing pressure to further develop advanced wastewater treatment methods, such as ozonation and activated carbon treatment for a broad application in municipal wastewater treatment. Another issue is the continuing lack of understanding of the environmental relevance of the phenomenon of ED. A great number of studies have been conducted to describe potential ED in wild and laboratory animals. Most of these studies relied on biomarkers of estrogenicity such as vitellogenin induction in males and mild histological alterations (e.g. occurrence of testicular oocytes), and to date -with few exceptions -no convincing evidence of population relevant impacts of exposure to EDC in the wild exist. In conclusion, while there has been a great deal of research and efforts in context with the hazard assessment and regulation of EDCs, there is still a large number of remaining uncertainties and issues. These range from animal rights concerns due to significant increases in the use of animals to fulfill testing requirements, associated needs for alternative testing concepts such as in vitro, in silico, and modeling approaches, lack of understanding of the relevance of the exposure of man and wildlife to EDCs, and the need for inclusion of EDCs in current environmental programs such as the WFD. In this article we attempted to summarize the current state-of-the-art of regulatory and scientific approaches in context with EDCs, and to identify issues and future needs to address current shortcomings in the field.
Background
Since the middle of the 1990 s, there has been increasing awareness and concern regarding the exposure to chemicals that have the potential to interfere with the endocrine system, and thus, may cause health effects in people and wildlife. In fact, a great number of chemicals have been identified that were found to interact with the endocrine system of different animals in laboratory studies, and there are increasing reports of endocrine disruption in wild animals [1, 2] . The potential role of endocrine disrupting chemicals in the environment has been discussed extensively for several years in both science and the broader public. On the one hand, there is evidence from various laboratory experiments that estrogenic or estrogen-like compounds have the potential of affecting development of the reproductive and nervous systems, as well as behavior and immune response in higher organisms [3, 4] . On the other hand, it is still unclear if environmentally relevant concentrations of xenoestrogens can result in deleterious effects in wildlife populations, and to date -with few exceptions -there has been no direct evidence of such population relevant impacts in the wild [5, 6] . In fact, few studies have attempted to explore the ecological relevance of the exposure to endocrine active chemicals under field conditions. One example is a recent wholelake study that was conducted over 10 years at the Experimental Lakes Area in Canada that revealed clear evidence that the potent synthetic estrogen 17β-ethynylestradiol (EE2) affects fish populations and their supporting food web [7] . The population of the shortestlived fish species, the fathead minnow, collapsed after two summers of EE2 additions. There is consequently an urgent need in understanding the relevance of labbased experiments with endocrine disruptive chemicals (EDCs) in context with ecological scenarios.
These reports and associated concerns regarding the ubiquitous presences of EDCs in the environment have sparked both scientific and political debates regarding the need for strategies to assess and regulate chemicals with endocrine disrupting (ED) properties to protect human and environmental health. To address these needs, a number of countries, multinational governments such as the European Union and inter-government organizations (Organization for Economic Cooperation and Development, OECD) have initiated or amended programs to integrate EDCs into current strategies to assess chemical safety. These programs include the Endocrine Disruptor Screening Program (EDSP) of the US Environmental Protection Agency (US-EPA), the Strategic Programs on Endocrine Disruptors (SPEED) of the Japan Environment Agency, and the Joint Working Group on Endocrine Disrupters Testing and Assessment (EDTA) sponsored by the OECD.
While there is an increasing number of national and international strategies and policies that aim to address the phenomenon of endocrine disruption (ED) in context with chemical risk assessment, no comparable efforts to streamline and regulate exposure to EDCs in the environment have been made, and to date no separate water quality criteria or comparable environmental standards exist. However, according to the European Commission, the issue of endocrine disrupters will be addressed specifically in the context of the Water Framework Directive (WFD) that identifies "Substances and preparations, or the breakdown products of such, which have been proved to possess carcinogenic or mutagenic properties or properties which may affect steroidogenic, thyroid, reproduction or other endocrine-related functions in or via the aquatic environment" in its "Indicative List of the Main Pollutants" of concern (European Commission 2000) [8] .
Current national and international EDC screening programs and strategies
U.S. EPA -EDSP
One of the leading and first nationally, legally-binding programs was the EDSP of the U.S. EPA, which employs a battery of in vitro and in vivo screening assays to assess the ED potential of a chemical. Specifically, the U.S. Congress included a provision in the Food Quality Protection Act of 1996 adding section 408 to the Federal Food, Drug, and Cosmetic Act (FFDCA). This section of the FFDCA requires EPA to "... develop a screening program, using appropriate validated test systems and other scientifically relevant information, to determine whether certain substances may have an effect in humans that is similar to an effect produced by a naturally occurring estrogen, or other such endocrine effect as the Administrator may designate [ [21] U.S.C. 346 (p)]". Subsequent to passage of the Act, EPA formed the Endocrine Disruptor Screening and Testing Advisory Committee (EDSTAC) [9] , a committee of scientists and stakeholders that was charged with the duty to provide EPA with recommendations on how to implement its EDSP. Upon recommendations from EDSTAC, the EDSP was expanded using the administrator's discretionary authority to include the androgen and thyroid hormone systems and wildlife effects as well as the originally mandated effects relating to estrogen. EPA accepted the EDSTAC's recommendations for a twotier screening program [9] . The focus of this two-tiered program has been first to develop in vitro and in vivo assays to identify and classify substances relative to their potential interaction with endocrine systems (Tier 1) and then to develop concentration-response relationships in animal models (Tier 2).
EDSP Tier 1 battery
The EDSP Tier 1 battery was designed to work as a whole to allow detection of estrogen-and androgen-mediated effects by various modes of action including receptor binding (agonist and antagonist) and transcriptional activation, steroidogenesis, and hypothalamic-pituitary-gonadal (HPG) feedback (Table 1) . It is comprised of a combination of in vitro and in vivo assays that aim to complement one another in the battery to enable the identification of specific endocrine mechanisms of chemicals, and to relate this to a biological response in a whole organism. In addition, rodent and amphibian in vivo assays were selected for the proposed battery based on their capacity to detect direct and indirect effects on thyroid function (hypothalamic-pituitary-thyroidal, HPT, feedback). Thus, the robustness of the proposed battery is based on the strengths of each individual assay and their complementary nature within the battery to detect effects on the estrogen, androgen or thyroid hormonal systems (Table 1) .
EDSP Tier 2 battery
Once a chemical is identified as a potential EDC during Tier 1 screening, EPA will require further testing in a second tier. The purpose of this Tier 2 testing is to identify further and characterize chemical-induced interactions with estrogen, androgen, or thyroid hormonal systems for risk assessment. To date, no definite decisions have been made regarding the specific tests to be included into the Tier 2 testing stage. It is anticipated, however, that Tier 2 testing will focus on multi-generation testing with a broad range of taxa. Candidate assays for Tier 2 testing include amphibian-, bird-, and mammalian-two-generation tests, as well as a fish-and invertebrate(mysid)-life-cycle assay.
The US-EPA has started implementing its policies regarding EDC testing. In 2009, it has sent out the first test orders to industry requiring testing of 67 chemicals using the Tier 1 test battery. On November 17, 2010, the second list of chemicals for Tier 1 screening has been published. This list includes 134 chemicals and substances that have been listed as priorities within EPA's drinking water and pesticides programs.
One of the greatest challenges of the EDSP is the current lack of clear decision strategies and processes, or in other words: what happens if a chemical is flagged as a potential EDC during Tier 1 screening? While in theory flagging a chemical during Tier 1 would trigger confirmatory Tier 2 testing, it is unclear how and when this will happen as candidate test guidelines for Tier 2 are still under validation. Similarly, it is unclear what the decision process for removing or limiting the use of chemicals that tested positive will be. In conclusion, while there has been some progress made regarding the regulation of EDCs in the U.S.A. there is still a great deal of uncertainty and lack of clear policies and available tools that would allow moving a chemical smoothly through the complete EDSP process.
Japan
Japan has been among the first nations to address the issue of ED on a national level. In 1997 the Environmental Agency of Japan initiated an "Exogenous Endocrine Disrupting Chemical Task Force" under Tsuguyoshi Suzuki, which aimed to collect, review, and organize scientific information available on the phenomenon of ED. In 1998, the Japan Environment Agency Based on the outcome of this workshop, a final report has been published [10] . The report summarized the current state-of-the-science in field of endocrine disruption, and identified key data gaps in that research area.
European Union
To date, no mandatory testing programs such as U.S. EPA's EDSP exist in Europe. However, the EU has acknowledged the phenomenon of ED as a priority area, and has developed short, medium and long-term strategies to address this issue:
Short-term strategy
The short-term strategy of the EU as identified in the European Commission's Communication [11] was to establish a priority list of candidate substances for further evaluation of their ED properties. Prioritization was to be conducted by an independent review of the current state of knowledge regarding the endocrine disrupting effects of and exposure to these chemicals in humans and wildlife followed by consultation with stakeholders and the Commission's Scientific Committees. In 2007 the European Community published their third progress report on the implementation of the "Community Strategy for Endocrine Disrupters", summarizing the findings on the review of scientific information for prioritizing of chemicals (European Commission 2007) [12] . In total, 575 substances were investigated as to their ED effects. In terms of prioritization, it was found that, out of this number, 320 substances showed evidence or potential evidence for ED effects, while in total, 109 substances were not retained in the priority list, either due to insufficient data on ED effects or insufficient scientific evidence. One hundred and fortyseven substances have been excluded from the evaluation during the process as they were identified as double entries, mixtures or of doubtful relevance.
An assessment of the legal status of the substances with evidence or potential evidence of endocrine disrupting effects showed, that the majority of them are already subject to a ban or restriction or are addressed under existing Community legislation, although for reasons not necessarily related to endocrine disruption.
Furthermore, short-term strategies included communication to public and cooperation with other government programs including Japan and the USA, and international efforts including the WHO and OECD regarding EDCs. The European Commission and the World Health Organisation (WHO) have since co-operated, through the International Programme for Chemical Safety, on the maintenance of a global research inventory, which is housed at the Commission's Joint Research Centre and on the compilation of a "Global state-of-the-science of endocrine disruptors" report (WHO 2002) [13] . The European Commission is actively involved the efforts of the OECD to develop agreed test methods for endocrine disrupters.
In 2000, the European Commission and United States Environmental Protection Agency agreed to share information on a regular basis on priority setting, screening and testing as well as on research activities.
Medium-term strategy
Issues identified by the EU included the lack of understanding of the specific modes of action of potential EDCs (most of the focus has been on estrogen (ER) and androgen (AR) receptor agonists), the biological relevance of many of the effects described at the biochemical or molecular level, as well as the impact on humans and wildlife. Also, there was the lack of appropriate test methods and testing strategies to reliable assess the ED potential of a substance, and of models that enable estimating exposure to EDCs. Therefore, the European Commission has made funding of research linked to ED a priority for their fifth, sixth and seventh Framework Programmes. Since the implementation of these framework programs, the EU has funded a large number (over 80) of research projects as part of their fifth, sixth and seventh Framework Programmes including studies in the area of human and wildlife health, development of test methods, strategies, and risks assessment tools (Table 2 ; http://ec.europa.eu/research/endocrine/). Furthermore, the European Commission has worked closely with its member states to coordinate the EU input into the OECD EDTA to develop internationally harmonized test methods and testing strategies for EDCs. Many of these efforts are still ongoing. Since its initial establishment, the framework has been revised to its current form ( Figure 1 ). It has to be noted that the conceptual framework developed by the EDTA does not represent a testing scheme but rather a tool box in which the various tests that can contribute information for the detection of the hazards of endocrine disruption are placed. It is organized into five levels each corresponding to a different level of biological complexity (for both toxicological and ecotoxicological areas). The format of this tool box is flexible, and it allows for assays and tests to be added as deemed necessary based on new insights or developments.
Drinking water, effluent and environmental analysis and monitoring
EDCs in drinking water
As a part of the comprehensive review paper 'Endocrine Disruptors and Water Quality: A State-of-the-Art Review' by Burkhardt-Holm [17] , the author investigated the question whether drinking water could be a source for the exposure of people to EDCs? The presence of estrogenic chemicals in drinking water was reported from several researchers from various countries (e.g. [18] ). Endocrine potentials of drinking water were shown to be related to several substances that were detected in Ground water. Recently, the joined BMBF research project HoT [ [19, 20] [22] mineral water bottled in polyethylene terephthalate (PET) and water in glass bottles or even tap water had some weak endocrine activity. For example, additives such as bisphenol A that are used as plasticizers in some packaging material were shown to leach into the water. Seventy-eight percent of all samples from PET bottles bought in Germany showed estrogenic potentials with concentration equivalents of up to 75 ng 17β-estradiol/L [22] . In Italy, 10% of the investigated samples showed estrogenic activity, with maximum concentration equivalents of 23 ng 17β-estradiol/L. Although a endocrine effectiveness was shown in a couple of independent studies, a legislation specific for endocrine disruptors is not in action in the European Community to date [17] . However, due to increasing public pressure and concerns, a few countries started taking action regarding the regulation of EDCs associated with food containers. For example, in September 2010, Canada became the first country to declare BPA as a toxic substance and banned its use in certain applications such as baby bottles [23] . In 2010, the European Union announced that it will follow Canada's example ban the use of bisphenol A in baby bottles effective in 2011 http://www.reuters.com/article/2010/ 11/25/us-eu-health-plastic-idUSTRE6AO3MS20101125.
Environmental sources and exposure to EDCs
A number of studies have been conducted to characterize the endocrine potential of municipal effluents [24, 25] , surface water [26] [27] [28] and sediments [26, 27, 29, 30] , and there has been increasing awareness of the need for testing approaches targeting EDCs to be included into current environmental assessments and monitoring [31] [32] [33] [34] [35] [36] 
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In vivo assays providing data on effects from endocrine & other mechanisms considering the unique requirements and endpoints required to assess the endocrine potential of a sample, these programs are unlikely to appropriately address exposure to these chemicals. This is of great concern since recent studies revealed the relevance EDCs may have in aquatic ecosystem. For example, Kidd et al. [7] demonstrated declines in populations of certain fish species after exposure to environmentally relevant concentrations of the synthetic estrogen ethinylestradiol in whole lake experiments. Additionally, various studies demonstrated the potential of sediment-bound EDCs to cause adverse effects in aquatic wildlife using different in vitro and in vivo assays [26, 27, 29, 30, [37] [38] [39] . Recent studies predicted that the objective of the WFD to achieve good ecological/chemical status by 2015 is likely to fail in many European catchment areas because of the continuing remobilization of sedimentbound pollutants in heavily contaminated old sediments [40] [41] [42] . As shown by several sediment toxicity studies using mass balance calculation approaches and effect directed analyses (for review see Hollert et al. [26] and Brack et al., [32] ), known endocrine active chemicals such as bisphenol A and alkylphenols typically only explain approximately 10% to 15% of the entire endocrine potential in aquatic systems but tend to contribute at greater proportions to ED potential of particle-related effects. Remobilization of sediments during flood events is therefore of greatest relevance for the mass balance of BPA and alkylphenols in rivers [43] (Figure 2) . As a consequence, in support of the assessments of risk and fulfillment of regulatory needs there is need for EDA driven studies identifying the large proportion of unknown EDCs in river water and sediments.
Wastewater treatment plants
One of most important sources for EDCs are the effluent from sewage treatment plants. These facilities often do not eliminate micropollutants completely, and thus, are important point sources for these substances. In particular, concerns about EDCs in wastewater treatment plants effluents stimulated the implementation of advanced treatment steps for the elimination of trace organic contaminants [44] . Estrogenically active compounds like 17β-estradiol and 17α-ethinylestradiol, for example, are removed by 99.9% and 78%, respectively, with conventional wastewater treatment systems [45] . Elimination strongly depends on the treatment steps (primary, secondary and tertiary), aerobic conditions, temperatures, etc., and under certain conditions (e.g. low temperature, no nitrification step) there are significant concentrations of endocrine active chemicals such as estrogens remaining in the treated effluent that is released into the receiving water body [45, 46] . Under conditions such as occur in some U.K. rivers that have very great sewage loads (often greater 25% up to greater 80%), remaining concentrations of estrogenic compounds have been show to lead to adverse effects including reproductive disturbances in wild fish populations [47] . Recently, in Europe, there is increasing pressure to further develop advanced wastewater treatment methods, such as ozonation and activated carbon treatment for a broad application in municipal wastewater treatment [34, 48] . As a consequence, there are a number of projects that have been initiated during recent years to implement and evaluate the efficiency of these additional treatment steps regarding their potential to remove endocrine active substances. Examples are the "Strategy MICROPOLL"of the Federal Office for the Environment in Switzerland and a series of projects supported by the MUNLV (Ministry for Climate Protection, Environment, Agriculture, Nature Conservation and Consumer Protection of the German State of North Rhine-Westphalia). One of the key challenges arising in context with these projects is the availability of reliable and effective tools to assess the elimination efficiency of the additional treatment steps. Given the complex nature of chemicals with endocrine-disrupting properties as well as the likelihood of a large number of yet unknown EDCs that are present in sewage effluent it would not only be prohibitively expensive but also virtually impossible to analytically identify all of these chemicals due to detection limits in the available analytical methodologies. Therefore, there is an increasing trend towards the use of bio-analytical techniques that allow detecting specific groups of chemicals based on their common properties to interact with specific biological processes/ pathways [31] . Accordingly, such bio-analytical tools are increasingly used in the above-described projects for identifying the most efficient elimination method. Preliminary biotest data obtained by means of in vitro tests such as the ER-CALUX, and the L-YES/YAS revealed the effective removal of estrogenic activity by ozonation [49] [50] [51] . In contrast, ozonation resulted only in a minor attenuation of the toxic effects as detected after exposure of rainbow trout (Oncorhynchus mykiss) and steroidogenic active cells to effluent when using the fish early life stage toxicity test [44] and the H295R-Assay [49] [50] [51] , respectively. As shown by Stalter et al. [44] the combination of ozonation and sand filtration is suitable to prevent from adverse ecotoxicological effects of ozonation. Additionally, in the Lausanne pilot study of the strategy MICROPOLL project a stronger amelioration of toxic effects as well as a strong reduction in the induction of plasma vitellogenin concentrations in male fish was observed after advanced wastewater treatment [52] . This is in accordance to the study of Nakada et al. [53] that demonstrated that a combination of ozonation, sand filtration and activated sludge treatment gives the best removal result for EDCs. To remove EDCs in the drinking water treatment process, granular activated carbon has been identified as the preferable method to be used (US-EPA 2001; [17, 54] ).
Testing and screening approaches and tool boxes
Recently, the Global Water Research Coalition (GWRC) conducted an inter-lab comparison study in order to evaluate the performance of five in vitro bioassays, including yeast estrogen screen (YES), ER-CALUX, MELN, T47D-KBluc and E-Screen assays to assess estrogenic activity in a variety of water matrices http://www.edctoolbox.info, [55] . The study concluded that some bioassay techniques are now sufficiently advanced that they can be used either as a cost-effective first-pass detection system or in combination with standard analytical methods to measure estrogenic pollutants in environmental waters. However, standardization of bioassay data analysis was identified as a crucial step forward towards accurate bioassay-derived estrogenicity measurements.
Recently, Kase et al. [56] published an extensive literature review survey aiming to give an overview and an evaluation on available and validated biological test systems for the detection of endocrine disruptive and reproductive effects in aquatic systems for monitoring purposes. Based on the review and an international workshop organized by the Swiss Centre for Applied Ecotoxicology of Eawag/EPFL (Ecotox Centre, Duebendorf, Switzerland) a recommendation for a modular ecotoxicological test platform was given. The study focused on test methods for sex hormonal active substances but also considered alternative MOAs such as effects on hormone production. On the basis of the literature search and ongoing international validation efforts by the OECD for methods to detect endocrine disruptive effects, 15 biological test methods (five in vivo and ten in vitro) were selected including eight OECD methods and three out of five in vitro methods mentioned in the Global Water Research Coalition (GWRC) report. Kase et al. [56] further recommend a testing strategy based on their review to assess the ecotoxicological relevance of EDCs (Figure 3 ). The applicability for testing and screening of environmental samples regarding their endocrine disrupting properties is currently tested in a joint project coordinated by the Ecotox Centre. http:// www.oekotoxzentrum.ch/projekte/micropolleffektbewertung/index
Current issues and uncertainties
There has been a great deal of progress over the past decade to address scientific uncertainties and regulatory needs concerning EDCs. A large number of national and international programs have been initiated, and efforts have been made to harmonize testing methods in context with chemical risks assessment of EDCs. However, there are still a number of remaining concerns and uncertainties.
Alternatives to animal testing
One of the key issues remaining in context with the globally increasing number of testing programs to assess the potential of chemicals to disrupt endocrine functions is the reliance on a large number of in vivo tests using live animals. With increasing testing demands and requirements the number of rats, mice, fish and frogs needed to fulfill these will grow proportionally. Figure 3 Proposed modular test platform. To identify and assess the endocrine potential of environmental samples using a combination of in vivo and in vivo bioassays. Dotted boxes refer to optional tests (redrawn and adapted from Kase et al. [56] ).
a replacement of in vivo assays. Specifically, there is a lack of understanding of the relevance of results obtained by means of in vitro assays to whole organisms. In vitro systems often represent highly simplified and/or artificial (e.g. yeast cells transfected with a human receptor) systems that lack the complexity of an organism with its feedback loops, cross-talk between different biological pathways, metabolism, etc. There have been a few studies in the past that compared in vitro with in vivo data, and which have produced ambiguous results (e.g. [57, 58] ). In general, however, our understanding of the biological pathways currently used in vitro assays are "equipped" with is rather limited, and there is need for additional studies specifically designed to address these uncertainties. Similarly, many in vitro but also some in vivo assays make decisions based on effects that are measured at the sub-organismal (molecular, sub-cellular or cellular) level. What is often lacking, though, is the ability to link these endpoints with biological relevant responses [59] . Thus, one of the key future challenges is to align the primary mechanistic data obtained by means of genomic or other sub-organismal studies with outcomes of demographic relevance such as survival and reproduction. In fact, recent efforts are underway to align the mechanistic data obtained by means of genomic or other sub-organismal studies with apical endpoints that are required in risk assessment, and which have been termed adverse outcome pathways (AOPs; [60] ). AOPs present a promising concept that aims to identify critical initiating molecular events that are specific to certain vital pathways. For example, vitellogenin (VTG; egg yolk protein) production by females is a prerequisite for successful egg production in egg-laying vertebrates, and inhibition of VTG synthesis has been successfully used as a predictor of decreased fecundity [60] .
Harmonization of testing methods and strategies
Another main issue is the lack of streamlined and globally harmonized and accepted methodologies and procedures to assess ED properties of chemicals and environmental samples. In the chemical risk assessment scene the need for such harmonization efforts is increasingly recognized. As discussed above, this resulted in a number of efforts at the national and international level to develop and harmonize testing approaches and regulate EDCs. It should be recognized, however, that many of these efforts are still in their infancy, and that there is need for internationally recognized and harmonized science-based decision criteria that clearly enable the identification of EDCs and subsequent needs for regulating these substances. No such efforts have been undertaken in context with environmental risk assessment approaches, effluent testing and the evaluation of drinking water safety and agricultural practices. Furthermore, current environmental monitoring programs such as the European WFD primarily rely on chemical analytical data and do not consider effect-based ecotoxicological assessment. However, combined approaches using bioanalytical tools and chemical measurements have been shown to be powerful and promising tools for the identification of novel or unexpected toxicants causing adverse effects in biological systems. For example, natural estrogenic steroids together with the synthetic contraceptive pill component ethinylestradiol -originating primarily from wastewater treatment plants -have been identified by EDA as major estrogens in water samples and fish bile [32, 61, 62] . Based on these findings, these compounds moved into the focus of monitoring, risk assessment and technological improvements for wastewater treatment plants [32] . Ethinylestradiol is now listed as a candidate for European priority pollutants. This demonstrates the potential and relevance of concepts such as EDA or TIE (toxicity identification and evaluation) in support of current environmental monitoring strategies [31] .
Invertebrates
As outlined above, recent reports have shown that a number of xenobiotics in the environment are capable of interfering with the normal endocrine function in a variety of animals. The overwhelming majority of the studies on the effects of hormone-mimetic industrial chemicals were focused on findings in vertebrates [63] . Although approximately 95% of known species in the animal kingdom are invertebrates, studies on the effects of EDCs on invertebrates are still scarce. According to the results of the SETAC workshop on Endocrine Disruption in Invertebrates, only 10% of these invertebrate studies were conducted with terrestrial invertebrates [64] . As stated by Oehlmann-Schulte and Oehlmann [63] the limited number of examples for EDCs in invertebrates is partially due to the fact that their hormonal systems are rather poorly understood in comparison with vertebrates. Recently, Lemons and coworkers [65] showed that both bisphenol A and vinclozolin disrupt the endocrine function of important representatives of soil edaphic invertebrates. In the study, enhanced mortality turned out to be the effect of incomplete ecdysis related to increased ecdysteroids titres. Lemons and coworkers [65] concluded therefore, that 'hyperecdysonism' might be a promising endpoint to detect and assess EDCs in arthropods inhabiting the terrestrial environment. Despite these few successful examples of potential methodologies to characterize and assess ED in invertebrates, there is still a great deal of uncertainty and lack of appropriate methods regarding the assessment of EDC effects in this group of organisms. In order to be able to establish relevant environmental monitoring and assessment programs for EDCs, however, it would be essential to include ED effects on invertebrates because they represent a critical aspect in the food-web of practically all ecosystems.
Conclusions
The past two decades have witnessed a significant increase in efforts to improve and harmonize strategies and approaches to assess the risks of EDCs to humans and the environment. Regulatory structures have been or are currently established in the USA, Japan and Europe, and the first mandatory testing program, the EDSP, has been implemented by the US-EPA. Through OECD's joint EDTA working group a global platform for the harmonization and general acceptance of tests to assess the potential of chemicals to interact with the endocrine system has been generated. The increasing requirements for testing and screening, however, have create new issues, and there are great concerns regarding the dramatic increase in use of live test organisms and huge costs associated with extensive testing. In response to these concerns, there is a growing demand for alternative testing strategies including priority setting, tiered screening, and the use of in silico systems and in vitro assays. However, many of these alternative approaches still require validation and/or calibration with regard to their predictive power and relevance for living organisms. Additional efforts to improve current risk assessment strategies for EDCs include the use of advance omic technologies to aid in identifying critical pathways and molecular endpoints that can be used to define AOPs that enable prediction of biological relevant effects. While there have been a great number of efforts in support of improving and streamlining chemical risk assessment for EDCs, similar efforts in context with environmental screening and risk assessments are still in their infancy. Moreover, programs such as the European WFD or the US Clean Water Act do not explicitly test for EDCs, and considering the unique requirements and endpoints required to assess the endocrine potential of a sample, these programs are unlikely to appropriately address exposure to these chemicals. Thus, there is a strong need for similar validation and harmonization programs as they currently exist in the field of chemical risk assessment. In fact, it may be beneficial to draw on the extensive experiences and "lessons learned" from current chemical screening and assessment programs such as the EDSP. Finally, current research and regulatory strategies tend to focus on human and vertebrate health. Especially form an environmental protection perspective, however, the group of invertebrates represents an ecologically very important factor as they form the basis for most food-webs. Thus, in favor of a holistic approach and the improvement of current environmental risk assessment strategies, there is urgent need for establishing tools and approaches that enable the characterization and evaluation of EDC effects in invertebrates.
